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Tradeoffs between e l e c t r i c  propulsion system mass r a t i o  and t ransfer  time from LEO t o  GEO 
were conducted parametr ical ly for various th rus te r  eff ic iency, specif i: impulse, and other 
propulsion parameters. A computer model was developed f o r  performing o r b i t  t ransfer ca lcu lat ions 
which included the e f fec ts  of aerodynamic drag, rad ia t ion  degradation, ar,d occultat ion. The 
t radeof f  resu l t s  showed t h a t  thruster  technology areas f o r  integrated propulsion should be 
d i rected towards improving primary th rus te r  e f f i c iency  i n  the range from 1500 t o  2500 seconds, 
and be continued towards reducing speci f ic  mass. Comparison o f  a u x i l i a r y  propulsion systems 
showed large t o t a l  propel lant mass ravings w i th  integrated e l e c t r i c  a u x i l i a r y  propu:sion. 
Stationkeeping i s  the most demanding on-orb i t  propulsion requirement. At area densi t ies above 
0.5 $/kg. East-West stationkeeping requirements from solar pressure exceed North-South s tat ion-  
keeping requirements from grav i ta t ional  forces. 
A solar array po in t ing  strategy was developed t o  minimize the e f fec ts  o f  atmospheric drag 
a t  low a l t i t ude ,  enabling e l e c t r i c  propulsion t o  i n i t i a t e  o r b i t  t rans fe r  a t  Shut t le 's  maximum 
cargo carrying a l t i t ude .  Gravity gradient torques are used during ascent t o  sustain the space- 
c r a f t  r o l l  motion required for 0pti.r :m solar  array i l l umina t ion .  A near optimum cover glass 
thickness o f  6 m i l s  was establisher : LEO t o  GEO t ransfer .  
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SUMMARY 
Prev ious  s t u d i e s  e s t a b l i s h e d  c a t e g o r i e s  f o r  p r i m a r y  and a u x i l i a r y  
e l e c t r i c  p r o p u l s i o n  i n  n e a r - e a r t h  m iss ions  (References 1 and 2, respec- 
t i v e l y ) .  I n  a d d i t i o n ,  Reference 3 c h a r a c t e r i z e d  m iss ions  t o  be deployed 
f rom t h e  Space T r a n s p o r t a t i o n  Sys+em i n  low e a r t h  o r b i t .  T h i s  s tudy  
extended p rev ious  r e s u l t s  t o  encompass i n t e g r a t e d  e l e c t r i c  p r o p u l s i o n  
systems. The o b j e c t i v e s  o f  t h i s  e f f o r t  were t o  e s t a b l i s h  t h e  n a t u r e  and 
c h a r a c t e r i s t i c s  o f  e l e c t r i c  p r o p u l s i o n  systems ( 1 )  t h a t  can p r o v i d e  t h e  
p r o p u l s i o n  r e q u i r e d  f o r  a l l  phases o f  t h e  LEO t o  GEO m iss ion ,  s t a r t i n g  
w i t h  t h e  spacec ra f t  assenbled i n  low e a r t h  o r b i t ,  and c o n t i n u i n g  th rough 
s p d c e c r a f t  d i sposa l  a f t e r  c o n c l u s i o n  o f  on -o rb i  t ope ra t i ons  , and ( 2 )  whose 
c h a r a c t e r i s t i c s  have nii nimurn s e n s i t i v i t y  t o  changes i n  m i s s i o n  r e q u i r e -  
ments, thereby  a s s u r i n g  as wide an a p p l i c a b i l i t y  o f  t h e  systems as 
p o s s i b l e .  
The p r o p u l s i o n  func t i ons  s t u d i e d  a r e  l i s t e d  i n  Tab le  1. The a n a l y t -  
i c a l  approach employed i s  o u t l i n e d  on Tab le  2. The g r a v i t a t i o n a l  e q u a t i o n  
was so l ved  f o r  d i  r e ~ t  de termi  n a t i o n  o f  o r b i t  t r a n s f e r  t ime  as a f u n c t i o n  
o f  pay1 oad n:ass r a t i o .  T rans fe r  t i i l i e  coniputat ions i n c l u d e d  o c c u l t a t i o n ,  
aerodynamic drag. and r a d i a t i o n  envi ronment e f f e c t s .  A  fea the red  a r r a y  
s t r a t e g y  was developed f o r  low a l t i t u d e  f l i g h t ,  where t h e  s o l a r  a r r a y  was 
a l i g n e d  edge-on t o  t h e  f l i g h t  d i r e c t i o n  t o  p r o v i d e  minimum drag,  and t h e  
s p a c e c r a f t  was r o l l e d  f o r  optimum a r r a y  i l l u m i n a t i o n .  Above t h e  atmo- 
sphe r i c  d rag r e g i o n  (>400 km a1 t i t u d e ) ,  t h e  a r r a y  was r o t a t e d  about  i t s  
a x i s  and t h e  s p a c e c r a f t  was r o l l e d  t o  t r a c k  t h e  sun ang le .  G r a v i t y  
g r a d i e n t  to rques were found t o  a s s i s t  i n  s u s t a i n i n g  t h e  p e r i o d i c  r o l l  
mo t i on .  Plane change was i n i t i a t e d  above 10,000 km t o  m in im ize  r a d i a t i o n  
degradat ion .  
The r o c k e t  equa t i on  was used f o r  a n a l y z i n g  p r o p u l s i o n  f u n c t i o n s  o t h e r  
than o r b i t  b o o s t i  ng. 
Pr imary  t h r t i s t e r  e f f i c i e n c y  was v a r i e d  p a r a m e t r i c a l l y .  Three e f f i -  
c i e n c y  f u n c t i o ~ s ,  as shown i n  F i g u r e  i ,  were d e f i n e d  f o r  s tudy .  The Case 1 
and Case 11 e f f i c i e n c y  func t i ons  a r e  lower  and upper bounds r e s p e c t i v e l y  
o f  p r e s e n t - d a j  t l i  gh performance i o n  t h r u s t e r s .  The Case I I I f u n c t i o n  
i s  ar: es t in ia tod  upper l i m i t  t h a t  may be approached w i t h  f u r t h e r  develop-  
ment. The s p e c i f i c  impulse f o r  a u x i l i a r y  p r o p u l s i o n  was s e t  a t  i t s  s t a t e -  
o f - t h e - a r t  va lue  o f  3000 seconds f o r  a l l  c a l c u l a t i o n s .  
T r a d e o f f  c a l c u l a t i o n s  were made t o  de termine t h e  optimum s o l c r  c e l l  
cover  t h i ckness  f o r  LEO t o  GEO o r b i t  t r a n s f e r .  S p e c i f i c  mass and t h r u s t e r  
e f f i c i e n c y  were v a r i e d  from t h e i r  h i g h e s t  t o  l owes t  va lues  f o r  these c a l -  
c u l a t i o n s .  The r e s u l t s  showed t h a t  6 -m i l  cover  t h i ckness ,  on b o t h  s i d e s  
o f  t h e  s o l a r  a r r a y ,  y i e l d e d  v e r y  c l o s e  t o  t h e  minimum t h r u s t  t imes f o r  a l l  
combinat ions  o f  e f f i c i e n c y  and s p e c i f i c  mass, and a  r e s i d u a l  power f a c t o r  
on o r b i t  t h a t  increased o n l y  s l i g h t l y  w i t h  t h i c k e r  covers .  Acco rd ing l y ,  
6 -m i l  covers  were used f c r  subsequent a n a l y s i s .  
I 
Conservat ive  c a l c u l a t i o n s  o f  s o l a r  a r r a y  drag e f f e c t s  based on t o t a l  
a r r a y  area,  i . e . ,  w i t h  t h e  a r r a y  p e r p e n d i c u l a r  t o  t h e  f l i g h t  d i r e c t i o n ,  
Table 1. Propuls ion F L ~  c t i o n s  I n v e s t i  gated 
ORBIT BOOSTING 
INCLINATION CHANGE 
ATTITUDE CONTROL 
STATIONKEEPING 
RELOCATION 
DISPOSAL 
POWER SHARING ONQRBIT 
Table 2. Ana l y t i ca l  Approach 
ORBIT BOOSTING 
- SOLVED GRAVITATIONAL EQUATION 
- ADDED OCCULTATION 
- ADDED AERODYNAMIC DRAG 
- ADDED RADIATION DEGRADATION 
- DEVELOPED OPTIMUM ARRAY ILLUMINATION STRATEGY 
ALL OTHER FUNCTIONS 
- IMPLEMENTED ROCKET EQUATION 
ISp FOR AUXILIARY PROPULSION SET AT 3000 SEC 
PLANE CHANGE INITIATED ABOVE RADIATION BELT 
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Figure 1. Thruster E f f i c i e n c y  Functions 
inpose an unreal  i s t i c  l i m i t a t i o n  on minimun use fu l  a l t i t u d e  f o r  s o l a r  power. 
The l i m i t  occurs w e l l  above t he  S h u t t l e  park ing  o r b i t  f o r  maximum payload, 
(about 250 km). This  apparent l i m i t a t i o n  i s  r e a d i l y  removed by a fea thered  
a r ray  s t ra tegy  i n  which the a r ray  i s  o r i en ted  p a r a l l e l  t o  t he  f l i g h t  
d i r e c t i o n  and the spacecraft i s  r o l l e d  t o  the  angle f c r  maximum i l l um ina -  
t i o n .  This reduces the ava i l ab l e  power bu t  the  drag area i s  reduced con- 
s ide rab ly  more than the power w i t h  t h e  r e s u l t  t h a t  t he  power per  u n i t  drag 
area eE i s  increased by about a  decade. Sustained f l i g h t  i s  then poss ib l e  
a t  a1 ti tudes cons iderab ly  lower than t he  S h u t t l e  o r b i t ,  and e l e c t r i c a l  l y  
p r o ~ e l l e d  spacecraft deployment d i r e c t l y  from S h u t t l e  becomes p r a c t i c a l .  
The minimum a1 t i  tude r e l a t i o n s  f o r  nuc lear  and s o l a r - e l e c t r i c  space- 
c r a f t  a re  p l o t t e d  i n  F igure 2. The e l e c t r i c  p ropu ls ion  d r y  mass, ME , 
inc luded th rus te rs ,  power source, power cond i t i on ing ,  gimbals, prope ! l a n t  
storage and d i s t r i b u t i o n ,  s t r uc tu re ,  and thermal c o n t r o l  f o r  p ropu ls idn  
equipment. The payload mass, Mpk, contained t he  remain: ,3 ( d r y )  mass 
deployed from the Shu t t l e  O rb i t e r .  With a  nuc lear  power source, e l e c t r i c  
p ropu ls ion  was est imated t o  have a s p e c i f i c  mass uE = 0.033 wh i l e  f o r  
so l a r  power ranged from 0.012 t o  0.036 (kg / \ ) .  
The most important conc lus ion t o  be drawn from Fig l l re  2 i s  t h a t  sus- 
ta ined  f l i g h t  w i t h  e l e c t r i c  p ropu ls ion  i s  p r a c t i c a l  down t o  150 km, i.e., 
100 km below the Shu t t l e  park ing  o r b i t  fo r  maximum payload d e l i v e r y .  I n  
t h i s  h igh  drag region, the feathered s o l a r  a r ray  performs as w e l l  as the 
nuc lear  source. Thus, s o l a r  e l e c t r i c  p ropu ls ion  can be used d i  r e c t l y  t o  
augment Space Transpor ta t ion System c a p a b i l i t y  w i t hou t  r e l y i n 9  on i n t e r -  
mediate chemical propuls ion stages. Solar  e l e c t r i c  o r b i t  t r a n s f e r  veh i -  
c les ,  se r v i c i ng  veh ic les ,  o r  on-board p ropu ls ion  systems may be deployed 
I 
d i r e c t l y  from the  Shu t t l e  O rb i t e r .  
The e f f e c t  o f  pr imary t h rus te r  e f f i c i e n c y  and s p e c i f i c  impulse on 
o r b i t  t r a n s f e r  t ime was analyzed f o r  d i f f e r e n t  values o f  e l e c t r i c  propul -  
s ion  syl;tem niass r a t i o .  The ni ission parameter se t  i s  shown i n  T:ble 3. 
MEpS i s  the t o t a l  e l e c t r i c  p ropu ls ion  system mass, i n c l u d i n g  pr imary and 
a u x i l i a r y  p rope l l an t ,  nLLded t o  perform the  LEO t o  GEO mission. Th is  
miss ion s t a r t s  a t  250 km Shu t t l e  park ing  a1 t i  tude a t  28.5 degrees i n c l i n a -  
t i o n ,  includes o r b i t  t r a n s f e r  t o  GEO, up t o  10 years on-orbi  t operat ions,  
and disposal  af terwards. The on -o rb i t  :,V requirements l i s t e d  on Table 3  
prov ide f o r  '0.1 stat ionkeeping, a t t i t u d e  con t ro l ,  and d isposal  o f  a 
spacecraf t  s i ze  cons is ten t  w i t h  a  s i ng l e  S h u t t l e  launch. 
The t r a d e o f f  r e s u l t s  o f  t r a n s f e r  t imes f o r  var ious e l e c t r i c  propul -  
s i on  systeni t o  payload mass r a t i o s  a re  shown i n  F igures 3  through 7. The 
f i g u r e s  e x h i b i t  an optimum Isp ,  independent o f  11, t h a t  produces t h e  sho r t -  
e s t  t r i p  t ime f o r  a  given e f f i c i ency .  Also p l o t t e d  on these curves j s  the  
Case I 1  e f f i c i e n c y  r e l a t i o n ,  which shows the  c h a r a c t e r i s t i c  droop toward 
lower Isp.  The ne t  e f f e c t  o f  t h i s  droop, as shown i n  Table 4 ,  i s  t h a t  
minimum t r i p  t ime occurs a t  h igher  I s p  than the  optimum value. 
From a system p o i n t  o f  view, i t  i s  more economical t o  operate a t  an 
s l i g h t l y  lower than the minimum t r a n s f e r  t ime value i n  o rder  t o  reduce 
t 'zp e  more expensive e l e c t r i c  p ropu ls ion  mass w h i l e  inc reas ing  the l ess  
expensive p rope l l an t  mass. A t y p i c a l  mass breakdown i s  shown i n  F igure  8 
f o r  332 payload f r a c t i o ~ .  Payload f r a c t i o n  i s  the  r a t i o  o f  payload mass 
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F i g u r e  2. Comparison o f  Minimum A1 t i t u d e  f o r  Feathered 
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Table 3. Mission Parameter Set 
; 1 
, i 
1 I n i t i a l  a l t i t ude ,  Ho =250 km I 
.I 
Final operation a l t i t ude ,  Hf = 35786 km 
I n i t i a l  inc l ina t ion,  io = 28.5" 
Final  operation inc l ina t ion,  if = 0" (equatorial o r b i t )  
Disposal a l t i tude.  Hd = 40786 km 
I 
hission Set No. 
--
1 
1 2  
I 
1 4 
5 
I 
I 
I represents the r a t i o  o f  the t o t a l  propulsion mass (primary 
:I thrus ter  system dry, primary propel lant and auxi 1 i a r y  propul- 
! 
sion required f o r  stationkeeping and disposal) t o  the 
payload mass. 
Table 4. Comparison o f  Optimum ISp and ISp For Minimum 
Transfer Time - Case I 1  Eff ic iency 
- 
1 .O 
2.0 
3.0 
4.0 
2.0 
L i fet ime on Orb i t  
(years) 
10 
10 
10 
10 
5 
I 
A V  on Orb i t  ($1 
1731 
1731 ! 
---.-.- 
ISP For Minimum 
Transfer Time 
(sec) 
3100 
2300 
2000 
1800 
T 
1 
2 
3 
4 
1731 
1731 
949 
- 
Optimum ISp 
( set 
2600 
1750 
1550 
1400 
i 
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t o  t o t a l  deployed spacecraft mass. I t  i s  r e l a t e d  t o  the  t o t a l  e l e c t r i c  
propuls ion system mass r a t i o  as fo l lows: 
Pay1 oad F rac t i on  = 
-- 
The reduc t ion  o f  on -o rb i t  l i f e t i ~ i i e  requi renents  from 10 t o  5 years 
has a  small e f f e c t  on t r a n s f e r  t iale as can be seen i n  F igure 9. I 
Thc two t h ru5 te r  p a r a ~ n e t e ~ ~  t h a t  have the  g rea tes t  impact on t r a n s f e r  
t ime a re  t h r u s t e r  e f f i c i ency  and the  e l e c t r i c  p ropu ls ion  s p e c i f i c  mass 
parameter < I .  Figure 10 i s  a  c ross -p lo t  of Figures 3 through 6 showing 
t r ans fe r  t ime as a f u n c t i o ~ i  o f  t h r u s t e r  e f f i c i ency  a t  the optioluni I 
I 
f o r  the fou r  d i f f e r e n t  values of the t o t a ?  e l e c t r i c  p ropu ls ion  nlassS!atio. 
The i o r r espond i~ i g  opti111u111 I p values arc  a l so  shown. For the  case o f  mass Z r a t i o  equal t o  2.0 a t  511,: e  f i c i e n c y ,  f o r  exa~:iple, the s lope corresponds 
t o  a  3.7-day I-eduction i n  t rans fe r  t ime f o r  a  1':. iii~provenient i n  t h r u s t e r  
e f f i c i e n c y .  
F igure 11 shows t h a t  tt-atisfet t i ~ i ~ e  va r i es  e s s e n t i a l l y  1 i n e a r l y  w i t h  
,I. Tor a  t o t a l  e l e c t r i c  p ropu ls ion  Illass r a t i o  o f  2.0 and a  t h r u s t e r  
e f f i c i e n c y  of  35; a t  1750 seconds I c  , the slope a t  I = 0.024 kg/W i n d i -  < cdtes a  transfer- tit i le reduc t ion  o f  ?L days f o r  a 10% reduc t i on  i n  .I. 
For the L E O  t o  GEO t ~ - ~ ~ r i s f e t -  n ~ i  ss ion, t h r u s t e r  technology e f f o r t  
should be focused on increas ing e f f i c i e n c y  a t  ;noderate I S p  (1500 t o  
25\10 seconds) arid reducing the s p e c i f i c  !sass as li~uch as poss ib le .  Any 
t h rus te r  capable o f  ach iev ing both o f  these ob jec t  i ves  siniul taneously 
wou;d be very a t t r a c t i v e  f o r  t h i s  n~ i ss i on .  I 
f igurc  12 shows tht l  powcr r e n ~ ~ i n i n g  a f t e r  or -b i t  t r a n s f e r  as a  func- 
t i o n  o f  t o t a l  CPS ~ ~ ~ d s s  r a t i o ,  assuming t l ~ e  c l i ~ i i b  i s  conducted a t  optin~uni 
and Case I 1  e f f i c i e n c y .  I n  the 111,tss r a t i o  rangt. o f  ? t o  4, the r e s i d -  
powcr ranges fro111 55 t o  59'  of the beginning o f  l i f e  value. A t  a  mass 
r a t i o  o f  1.0. i t  i s  50 o f  the i n i t i a l  value. The on -o rb i t  power dcgrada- 
t i o n  i s  smal l .  Table 5 co111pat-es the in tegra ted  f luence over d 10-year 
111issic11 w i t h  ~ h d t  c i ccu~ l~ i~ la ted  dur ing  o r b i t  t r ans fe r  and w i t h  the t c t a l  
f lyen i t .  p c ~ .  11-yea,- so l a r  cyc le .  The t o t a l  on-orbi  t increment i s  about 
2: o f  thc o r b i t  t r a n s f e r  value. 
I n t eq ra t cd  prupul  s ion  and lys i  s  was perfornied t o  i d e n t i f y  p o t e n t i a l  
advdntages o f  us ing e l e c t r i c  p ropu ls ion  not  on ly  f o r  o r b i t  r a i s i n g  t o  geo- 
synchronous ot-bi t but  a l so  f o r  aCdi t i o n a l  (aux i  1  i a r y )  func t ions  t h a t  w ;  11 
be requ i red  dut.iti!) the ascent and o r b i  t a l  phases the miss ion.  These 
funct ions can be aCcon~pl i shed by us ing the e l e c t t - i c  DI-~pul  s i on  systeirl 
(EPS) as a11 int.c3qt-dted p a r t  o f  thc space veh i c l e  r a t h e r  than as a  sepdr-ate 
orb1 t t r l ~ n s f c ~ *  v c h i c l c  on ly .  
Mission dura t ion  has F I  
[ t ransfer  time. I 
Figure  9. Comparison o f  Transfer Times f o r  5 and 10 Year Missions 
W 
"'L 100 9 , OrDi t Transfer  IS,, = 1750 r e c ,  (a = 0.024 . B = 150 7 , = 
m rn 
A u x i l i a r y  IS,, = 3000 sec,  (elT = 2 . 0 )  
Figure 10. E f fec t  of 11 on Transfer  Time a t  Optimun ISp 
ORIGINAL PAGE [9 
OF POOR QUALlTY 
Figure  11. E f fec t  o f  Spec i f i c  Mass on Traosfer  Time f o r  
Case I 1  TI = 45% a t  1750 sec 
- 
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Figure 12. Residual On-Orbi t Power f o r  O ~ t i m u ~ n  I S p  
Transfer and Case 11 E f f i c i e n c y  
(a = 0.024 kg/W, d = 150 w / I ~ ~ ,  MpL/ApL = 100 kg/mZ. 10 years) 
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Table 5. Comparison of O r b i t  Transfer and On-Orbit Fluence Levels  
Th is  study made use o f  r e s u l t s  obtained from previous and 
concurrent s tud ies of a u x i l i a r y  e l e c t r i c  p ropu ls ion  systems on l a r g e  
space s t ruc tu res  performed by Boeing Aerospace Company (Reference 2 ) .  A 
wide range o f  spacecraf t  con f i gu ra t i on  categor ies ,  masses and dimensions 
are covered i n  the Boeing repor t ,  w i t h  emphasis on l a r g e  s t r uc tu res  t h a t  
r equ i r e  m u l t i p l e  Shu t t l e  launches and assembly i n  o r b i t .  For the present  
ana lys is ,  data app l i cab le  t o  a  c l ass  of in termediate-s ized veh ic les  w i t h  
nearer- term mission a p p l i c a t i o n  prospects were selected. 
7 
1 '"EPS) 
t .- 
k f l ~ ~  1 
1 i:: 
3.0 
4.0 
I 
The data used p e r t a i n  t o  a  spacecraf t  category termed "modular 
antenna s t r uc tu re "  (see F igure 13) w i t h  a  mass ranging from 2000 t o  
27,000 kg. Spacecraft c h a r a c t e r i s t i c s  i n  the lower mass range are com- 
p a t i t i e  w i t h  a s i ng l e  Shu t t l e  launch. The one-axis g imbal led s o l a r  ar rays 
prov ide pr imary propul  s ion  power of several  hundred k i  1  owatts. Th is  
imp l ies  a r ray  s izes o f  several  thousa~id square meters w i t h  t i p - t o - t i p  
dimensions o f  hundreds of meters. Data f o r  t h i s  spacecraf t  c l ass  a re  
presented i n  the Boeing r e p o r t  w i t h  antenna s i ze  as sca l i ng  parameter 
( d  ranging from 15 t o  200 m). Corresponding s o l a r  a r ray  dimensions range 
t o  70 m panel length.  
The most s i g n i f i c a n t  on -o rb i t  p ropu ls ion  requirements a re  f o r  s ta -  
t -onkeeping. For l a rge  spacecraft s t r uc tu res  w i t h  h i gh  area-to-mass 
r a t ~ o s ,  A/M, such as those considered i n  t h i s  study, the  annual E-W 
s ta t ionkeeping -V expendi tures requ i red  t o  compensate f o r  t he  e f f e c t s  o f  
e a r t h ' s  t r i a x i a l  i t y  a re  n e g l i g i b l e  by comparison t o  s o l a r  pressure e f f e c t s .  I 
Orbi t Transfer 
3 x 1016 
2 .7  x 10 16 
1.55 x 1016 
1.50 
Figure 14 presents annual east-west and nor th-south s ta t ionkeeping 
requirements as a  f unc t i on  of spacecraf t  area-to-mass r a t i o  w i t h  the  duty 
cyc l e  p  as a  parameter. The value p  = 0  corresponds t o  impuls ive t h r u s t -  
i ng ,  p  = 1.0 t o  continuous t h r u s t i n g  over the  e n t i r e  o r b i t  du r i ng  days 
1 
Residual 
Power (%I  
50 
55 
58 
59 
i 
10-year Increment 
1.8 x 10 14 
1.8 x 10 14 
1.8 x 10 14 
1.8 l0 l4  
Solar Flare 
3 x 1014 
3 lo14 
3 lo14 
3 x 1 0 ' ~  
Total 
3.05 x 10" 
2.55 
1.60 r 1016 
1 . 5 5 ~ 1 0 ~ ~  
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F i g u r e  14. S ta t i onkeep ing  SV Requirements vs A I M  R a t i o  and Represen ta t i ve  
A I M  Ranges f o r  Var ious  S/C Classes 
when s ta t i cnkeep ing  maneuvers are be ing performed. I n  low t h r u s t  
operat ion,  both E-W and N-S s ta t ionkeeping .IV requirements increase w i t h  
the leng th  of the duty  cyc le .  The pena l t y  f a c t o r  i s  n / 2  = 1.571 f o r  
p  = 1.0 r e l a t i v e  t o  i n ~ p u l s i v e  t h r u s t  maneuvers (where p  = 0 ) .  F igure 14 
shows t h a t  the . \V  requ i red  f o r  E-W sta t ionkeeping exceeds the  N-S s t a t i o n -  
keeping .IV i f  the A/M r a t i o  i s  g rea te r  than 0.45 mL/kg, assuming the  same 
duty  cyc l e  i s  used i n  e i t h e r  case. Typ ica l  ranges o f  A/M values f o r  seven 
classes o f  l a rge  spacecraf t  i n ves t i ga ted  i n  the Boeing study a re  i nd i ca ted  
below i n  the abscissa. For the modular antenna c lass  o f  spacecraf t  
I 
assumed as t y p i c a l  i n  the present study, the E-W s ta t ionkeeping requ i r e -  
ments range from 20 t o  100 m/sec per year as A/M va r i es  between 0.17 and 
0.90 m2/kg, i .e., f o r  antenna diameters ranging fro71 20 t o  140 m. I n  t h i s  
case the E-W s  ta t ionkeeping requi  renients exceed those f o r  N-S s t a t i  onkeep- 
i ny  i f  d  - 60 m. 
Com?arison was made between a  chemical a u x i l i a r y  p ropu ls ion  systeni 
(APS) cpera t ing  a t  300 seconds Isp ,  and an e l e c t r i c  APS a t  3000 sec- 
onds ISp. Reposi t ion ing and disposal  i n  the e l e c t r i c  case were performed 
by the main t h rus te r s  ( o f  the i n t eg ra ted  EPS) a t  1500 seconds ISp, The
liiass c h a r a c t e r i s t i c s  are shown g r a p h i c a l l y  i n  F igure 15 f o r  comparison. 
Note t h a t  f o r  the 60 m antenna spacecraf t ,  the use o f  e l e c t r i c  APS 
saves over 7000 ~g  o f  t o t a l  launched weight.  A t  the S h u t t l e  cargo limit 
o f  29,500 kg, e l e c t r i c  APS a f f o rds  about a  502) increase i n  re ference 
spacecraf t  niass. I 
During the ascent phase of the mission, g r a v i t y  g rad ien t  torques can 
be e~nployed t o  a s s i s t  i n  o r i e n t i  rig the spacecraft f o r  optimun~ a r ray  i 1 l u -  
m i  nat  i on .  The spacecisaft a t t i t u d e  nianeuvers t-equi red  a re  sun~lnarized i n  
Table 6. Ir, the atmospheric drag reg ion,  the s o l a r  ar rays are feathered 
f o r  I I ~ I ~ I I U I I  a .  The spacecraf t  i s  e i t h e r  maintained f i x e d  a t  + ( r o l l  
I 
angle) = 90 degrees o r  r o l l e d  from +38 t o  ' 75  degrees w i t h  sun angle va r i a -  
t i o n .  Gt'avi t y  grad ient  i s usefu l  i 11 p rov i d i ng  r e s t o r i n g  t.orques towards 
= C .  The maxi:nu~n g r a v i t y  grad ient  torques are near : = $45 degrees, 
which are cons is ten t  w i t h  maneuver requirements. The bes t  u t i l i z a t i o n  of 
g r a v i t y  g rad ien t  occurs wherl the per iod o f  r o l l   notion i s  c lose  t o  t h a t  o f  
the o r b i t a l  per iod.  A t  low t o  in termediate  a1 t i  tudes, above the drag 
reg ion,  the s o l a r  ar rays are r o ta ted  about t h e i r  ax i s ,  and the  r o l l  mot ion 
i s  the salne as descr ibed above. A t  i n t e l r i ~ed ia te  t o  h igh  a l t i t u d e s ,  when 
coliibined o r b i t  boost ing and plane change are implemented, the r o l l  lnotion 
i s  s i ~ l l i l a r  t o  t h a t  descr i  bed above, but  i s  ~ ~ i o d i f i e d  t o  accol~miodate addi -  
t i o n a l  yaw lnotion f o r  o p t i l i ~ u ~ ~ i  so l a r  a r ray  i l l u m i n a t i o n .  
The g r a v i t y  grad ient  a s s i s t  i s  most useful a t  low a l t i t u d e s ,  where 
torque requi  re~nents are greatest ,  f o r  reduc ing the s i ze  o f  i n e r t i a l  momen- 
tun1 storage devices i n  the a t t i t u d e  con t ro l  system. Zince t he  r o l l  mot ion 
i s  d r i ven  p r i m a r i l y  by g r a v i t y  g rad ien t ,  r a t he r  than by spacecraf t  a t t i t u d e  
con t ro l  lnornent cjyroscopes o r  r e a c t i o n  con t ro l  . s o l a r  a r r z y  deformat ions are 
a lso  reduced. I f  poss ib le ,  spacecraf t  IIiass d i s t r i b u t i o n  should be chosen 
t o  pertrlit gt-avi t y  grad ient  opet-ntion s l i g h t l y  below the na tu ra l  o s c i l l s -  
t i o n  frequency. Thus, i n e r t i a l  design o t  the spacecraf t  would be c o n s t r a ~ n -  
ed, bu t  l a rge  r o l l  angles cou ld  be maintained w i t h  small d r i v i n g  torques. 
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Table 6. Spacecra f t  A t t i  tude Maneuvers f o r  Optimum Sun A 1  ignment 
Dur ing  Pr imary Th rus t  Phases 
1. Lowest A l t i t ude  
(ARRAY FEATMRW FOR 
MINIMUM DRAG) 
2. Low-to-Intermediate 
A1 t i  tudes 
(ARRAY ARTICULATED) 
-- 
3. Intermediate-to-High 
A1 t i  tuder 
(ARRAY ARTICULATED; 
PLANE CHANGE SIWL- 
TANEOU'LY UITH ORBIT 
RAISING) 
Ro l l  Only 
Ro l l  Only 
Ro l l  
Yaw 
Excursions 138' f o r  Sun Angle = 52' 
175" f o r  Sun Angle = 15' 
Fixed 90' f o r  Sun Angle r 15' 
SAME AS ABOVE 
- 
Modified P e r i o l i c  Exct 
Range 
Excursions t o  t4S0 GENE . .:I IN 
PHASE YlTM ROLL EXCURSICYS. DEPLND- 
ING ON NOCAL POSITION REUT.IUE 10 
SUN LINE 
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